Background-Brachial artery endothelial function is impaired in individuals with atherosclerosis and coronary risk factors and improves with risk reduction therapy. However, the predictive value of brachial artery endothelial dysfunction for future cardiovascular events is unknown. Methods and Results-We preoperatively examined brachial artery vasodilation using ultrasound in 187 patients undergoing vascular surgery. Patients were prospectively followed for 30 days after surgery. Forty-five patients had a postoperative event, including cardiac death (3), myocardial infarction (12), unstable angina/ischemic ventricular fibrillation (2), stroke (3), or elevated troponin I, reflecting myocardial necrosis (25). Preoperative endotheliumdependent flow-mediated dilation was significantly lower in patients with an event (4.9Ϯ3.1%) than in those without an event (7.3Ϯ5%; PϽ0.001), whereas endothelium-independent vasodilation to nitroglycerin was similar in both groups. In a Cox proportional-hazards model, the independent predictors of events were age (Pϭ0.001), renal insufficiency (Pϭ0.03), noncarotid surgery (Pϭ0.05), and lower brachial artery flow-mediated dilation (Pϭ0.007). If troponin I elevation was not considered an event, low flow-mediated dilation remained an independent predictor of risk (odds ratio 9.0, 95% CI 1.2 to 68; Pϭ0.03). When a flow-mediated dilation cutpoint of 8.1% was used, endothelial function had a sensitivity of 95%, specificity of 37%, and negative predictive value of 98% for events. Conclusions-Impaired brachial artery endothelial function independently predicts postoperative cardiac events, which supports a role for endothelial dysfunction in the pathogenesis of cardiovascular disease. The strong negative predictive value of preserved endothelial function raises the possibility that assessment of brachial artery flow-mediated dilation will be useful in the management of patients undergoing vascular surgery.
T he vascular endothelium plays a central role in the regulation of vascular tone, thrombosis, and inflammation through elaboration of a number of paracrine factors, including nitric oxide. 1 Impaired endothelium-dependent dilation in the coronary circulation is associated with coronary atherosclerosis 2 and coronary risk factors 3 and improves with risk reduction therapies. 4 Several previous studies using invasive methodology have suggested a link between endothelial dysfunction in the coronary and peripheral circulations and cardiovascular risk. [5] [6] [7] [8] Ultrasound assessment of brachial artery flow-mediated dilation during reactive hyperemia has recently emerged as a noninvasive and broadly applicable method for examination of endothelial function. 9 The dilator response depends on nitric oxide synthesis, 10 is impaired in patients with coronary disease and risk factors, 9 and improves in response to interventions known to reduce cardiovascular disease risk. 11 Furthermore, impaired flow-mediated dilation in the brachial artery predicts endothelial dysfunction in the coronary circulation. 12, 13 On the basis of these observations, investigators have speculated that endothelial function in the brachial artery may reflect the integrated effects of systemic risk factors on the entire vasculature. 14 Thus, brachial artery flow-mediated dilation might prove useful to assess cardiovascular risk, guide therapy, and judge the potential utility of new interventions for cardiovascular disease. 15 To date, however, no study has shown that the presence of endothelial dysfunction detected noninvasively in the brachial artery provides independent prognostic information.
To investigate this issue, we sought a population with high short-term cardiovascular risk. Patients undergoing vascular surgery frequently have subclinical or overt coronary artery disease, and 7% to 19% of patients have been reported to have cardiovascular events within 30 days of surgery. 16 -18 The purpose of the present study was to determine the relation between brachial artery endothelial function and cardiovascular risk in patients undergoing vascular surgery.
Methods

Patient Population
Patients undergoing nonemergent vascular surgery between November 1998 and March 2001 at Boston Medical Center and the VA Boston Healthcare System were eligible for participation in the study. Operations included thoracic or abdominal aortic aneurysm repair, carotid endarterectomy, aortofemoral or femoral-distal vessel bypass, axillary-femoral bypass, and amputations. Approximately 500 vascular surgical procedures were performed during this time period in both institutions. Patients with recent (within 1 month) unstable angina, myocardial infarction, stroke, decompensated heart failure, or malignant cardiac arrhythmias were excluded. All patients provided written informed consent as approved by the institutional review boards.
Study Protocol
Up to 1 month before surgery, endothelium-dependent flowmediated dilation of the brachial artery was examined noninvasively by an established method. 19, 20 Briefly, 2D images of the brachial artery and pulsed-Doppler flow velocity signals were obtained above the antecubital crease at baseline and during a period of reactive hyperemia induced by 5-minute cuff occlusion of the upper arm. Images were obtained at baseline and 60 seconds after cuff release with a Toshiba 140A ultrasound system equipped with a 7.5-MHz linear array transducer (Toshiba Medical, Inc). After a 10-minute rest period to allow restoration of baseline conditions, we assessed the extent of non-endothelium-dependent brachial artery dilation by obtaining 2D images before and 3 minutes after administration of sublingual nitroglycerin (0.4 mg). Nitroglycerin was omitted if the patient refused or if the patient had a history of migraine headaches, systolic blood pressure Ͻ100 mm Hg, previous adverse reaction to nitrates, or critical carotid artery stenosis. An investigator blinded to image sequence and clinical information performed offline analysis of digitized end-diastolic images. Patients also had preoperative 12-lead ECGs and measurement of lipid profile, complete blood count, and serum creatinine.
Assessment of Cardiovascular Events
Starting on the day of surgery and continuing throughout hospitalization, a cardiologist monitored the patient's course for cardiovascular events. In addition, an ECG, serum troponin I levels, and creatine kinase with MB fractionation were obtained on postoperative days 1 and 3. Cardiovascular events were prospectively defined to include (1) cardiac death; (2) myocardial infarction (new Q waves Ͼ0.03 seconds or ST-segment depression Ն1 mm in 1 or more leads plus creatine kinase-MB fraction elevation); (3) unstable angina/ ischemic ventricular fibrillation; (4) acute nonhemorrhagic stroke (judged clinically and by evidence of abnormal head CT scan or MRI); and (5) elevated serum troponin I (Ͼ0.4 ng/mL, reflecting myocardial necrosis but otherwise not meeting the criteria for myocardial infarction). 16 If an event occurred, the patient's primary physician performed additional tests and guided management as he or she deemed appropriate. Medical records were reviewed, and a telephone call was made to the patient or family after discharge to identify additional events occurring within 30 days of surgery. Three cardiologists blinded to the ultrasound results adjudicated all events by review of medical records. One event per patient was included in the analysis. For patients with Ͼ1 event, the coded event was selected by the hierarchical order listed above.
Statistical Analysis
The prospectively determined primary end point was any postoperative cardiovascular event, as defined above. Kaplan-Meier analysis with the log-rank test was used to plot and compare event-free survival distributions according to tertile of brachial artery flowmediated dilation. Two patients died of noncardiac causes before 30 days and were censored in the survival analysis. Relations among potential confounders, events, and flow-mediated dilation were examined with the Student t test, 1-way ANOVA, 2 test, or Fisher exact test, as appropriate. Potential confounders included age, sex, race, diabetes mellitus, hypertension, chronic renal insufficiency (creatinine Ͼ1.2 mg/dL), known coronary disease, history of smoking, history of hypercholesterolemia, white blood cell count, hematocrit, ACE-inhibitor therapy, ␤-blocker therapy, nitroglycerinmediated dilation, and baseline brachial artery diameter. A Cox proportional-hazards model was used to control for the confounders identified by univariate analysis (inclusion criterion PϽ0.10). 21 Because the Kaplan-Meier curves for the lowest and middle tertiles of flow-mediated dilation overlapped and differed from the highest tertile, patients were dichotomized in this multivariate analysis as having high (upper tertile) or low (lower 2 tertiles) flow-mediated dilation. By the same approach, a separate analysis was completed after exclusion of elevated troponin I as a postoperative event. The analyses were completed with SPSS for Windows version 10.1 (SPSS Inc). Data are presented as meanϮSD.
Results
Study Patients
A total of 187 patients were enrolled in the study and underwent a vascular operation, including carotid endarterectomy (47 patients), femoral-popliteal or other peripheral bypass (100), aortic aneurysm repair (24) , and limb amputation (16) . Thirty-day follow-up was obtained for all patients. Forty-five patients had a cardiovascular event, including cardiac death (3 patients), myocardial infarction (12), unstable angina (1), ischemic ventricular fibrillation (1), stroke (3), and elevated troponin I (25) . Two patients died of noncardiac causes (1 of sepsis on postoperative day 26 and 1 with a ruptured abdominal aortic aneurysm 28 days after femoralpopliteal bypass).
Patient characteristics are displayed in Table 1 . As shown, patients with a postoperative cardiovascular event were older and were more likely to be female and have diabetes, hypertension, chronic renal insufficiency, and known coronary artery disease. Total, LDL, and HDL cholesterol were lower and creatinine was higher in the patients with an event. Carotid endarterectomy was less common in patients with an event than in those without an event. Unexpectedly, patients with an event were more likely to be taking an ACE inhibitor and ␤-blockers and less likely to have a history of smoking, possibly related to the greater preponderance of patients with coronary disease and hypertension in this group, which may have resulted in altered medical management and behavior.
Brachial Artery Ultrasound Results
Average flow-mediated dilation was 6.7Ϯ4.7% (nϭ187), and average nitroglycerin-mediated dilation was 10.6Ϯ6.3% (nϭ64). Brachial artery parameters for patients with and without a cardiovascular disease event are displayed in Table  2 . As shown, patients with an event had significantly lower flow-mediated dilation and larger baseline brachial artery diameter. Extent of reactive hyperemia and responses to nitroglycerin did not predict events. Clinical characteristics categorized by tertile of flow-mediated dilation are displayed in Table 3 . Patients with diabetes were more likely to have lower flow-mediated dilation, and there was a trend for an inverse relation between white blood cell count and endothelial function.
Predictive Value of Endothelial Function
As shown in the Figure, event-free survival differed according to tertile of flow-mediated dilation by log-rank test. Notably, the survival curves overlapped for patients in the lower 2 tertiles. Table 4 displays the number of cardiovascular disease events when patients were categorized as having low flow-mediated dilation (lower 2 tertiles, Յ8.1%) or high flow-mediated dilation (upper tertile, Ͼ8.1%). As shown, patients with high flow-mediated dilation had significantly fewer events than patients with low flow-mediated dilation. The presence of low brachial artery flow-mediated dilation had a sensitivity of 89%, a specificity of 40%, a positive predictive value of 32%, and a negative predictive value of 92% for cardiovascular disease events.
The variables that met the entry criterion (univariate PϽ0.10) and were included in the Cox proportional-hazards model were age, chronic renal insufficiency, carotid surgery, flow-mediated dilation, sex, diabetes mellitus, hypertension, history of coronary disease, history of congestive heart failure, history of smoking, and baseline brachial diameter. The independent predictors of cardiovascular disease events were older age, chronic renal insufficiency, noncarotid surgery, and lower brachial artery flow-mediated dilation (Table 5) .
Troponin I is a well-recognized marker of myocardial necrosis and adverse outcome and has been suggested to be a better indicator of perioperative infarction than creatine kinase-MB fraction. 22 However, it is not uniformly recognized as an end point in studies of surgical risk. We therefore repeated the analysis after exclusion of troponin I elevation as an event. As shown in the Figure, brachial artery flowmediated dilation remained a significant predictor of outcome by log-rank test. With this definition of an event, low brachial artery flow-mediated dilation had a sensitivity of 95%, a specificity of 37%, a positive predictive value of 15%, and a negative predictive value of 98% for cardiovascular disease events. In the Cox proportional-hazards model, the independent predictors of events were decade of age (OR 2.0, 95% CI 1.2 to 3.3; Pϭ0.006) and low brachial artery flow-mediated dilation (OR 9.0, 95% CI 1.2 to 68; Pϭ0.03).
Discussion
This prospective study demonstrated that impaired flowmediated dilation of the brachial artery independently predicts short-term cardiovascular events in patients undergoing vascular surgery. No relation was observed between nitroglycerin-mediated dilation and events or extent of reactive hyperemia and events, and the predictive value of flowmediated dilation was independent of vessel size. These latter observations imply that the results cannot be explained by altered function of vascular smooth muscle, variation in the stimulus for vasodilation, or the larger vessel size in patients with events, which is known to be associated with decreased flow-mediated dilation. Thus, the study supports a relation between brachial artery endothelial dysfunction and cardiovascular events. Two previous invasive studies examined the relation between endothelial dysfunction in the coronary circulation and cardiovascular risk. Suwaidi and colleagues 5 tested endothelial function by intracoronary acetylcholine infusion in 157 patients with mild coronary atherosclerosis. During 28-month follow-up, 6 patients had a cardiovascular event, and all 6 had evidence of severe endothelial dysfunction. Schächinger and colleagues 6 assessed coronary endothelial vasomotor function in response to acetylcholine and nitroglycerin infusion, the cold pressor test, and/or increased flow in 147 patients undergoing cardiac catheterization. During 7.7-year follow-up, 16 patients had a cardiovascular event, and both endothelium-dependent vasodilation and endothelium-independent vasodilation were worse in those patients with an event.
Although the total numbers of events were small, those 2 studies suggest a pathogenic link between coronary endothelial dysfunction and cardiovascular disease. It has been increasingly recognized that events such as acute myocardial infarction, unstable angina, and ischemic stroke often result from plaque rupture with subsequent thrombosis formation and vasospasm. 23 An important relation between inflammation and plaque vulnerability has also been recognized. 24 Loss of the vasodilator, antithrombotic, and anti-inflammatory properties of the endothelium likely contributes to these events. 25 Several prior studies addressed the question of whether study of endothelial function in a peripheral artery also provides prognostic information about cardiac events. Perticone and colleagues 7 examined endothelial function in forearm microvesRelation between endothelial function and event-free survival after vascular surgery. Kaplan-Meier curves are shown for each tertile of brachial artery flow-mediated dilation. Left, Analysis included any cardiovascular event (cardiac death, myocardial infarction, unstable angina, ischemic ventricular fibrillation, stroke, or elevated troponin I). By log-rank test, survival curves for low and middle tertiles did not differ (Pϭ0.93), but both differed from upper tertile (Pϭ0.0008 and Pϭ0.001, respectively). Right, Analysis considered the same events except elevated troponin I. By log-rank test, survival curves for low and middle tertiles did not differ (Pϭ0.76), but both differed from upper tertile (Pϭ0.005 and Pϭ0.009, respectively). sels in response to intra-arterial agonist infusion in 225 patients with newly diagnosed hypertension. Patients with lower vasodilator responses to acetylcholine were more likely to suffer a cardiac or vascular event. 7 In a recent study, Heitzer and coworkers 8 demonstrated that coronary disease patients with impaired forearm microvessel responses to acetylcholine developed more cardiovascular events over a 4.5-year follow-up period. In a retrospective noninvasive study using brachial ultrasound, Neunteufl and colleagues 26 observed an inverse relation between flow-mediated dilation and events in a group of 74 patients undergoing cardiac catheterization. However, the majority of events in that small study were revascularization procedures, and the predictive value of endothelial dysfunction for this outcome was lost after controlling for extent of coronary artery disease. Thus, the present study is the first study to demonstrate that noninvasive assessment of brachial artery endothelial function provides independent prognostic information and is the only prospective study using noninvasive methodology.
One implication of the present study is the possible role of endothelial function in assessment of postoperative risk in patients undergoing vascular surgery. Average flow-mediated and nitroglycerin-mediated dilation were low in this group of patients with peripheral atherosclerosis compared with normal subjects. 27 However, many subjects had relatively preserved endothelial function, and the high negative predictive value of the test suggests that it potentially could be useful for identifying individuals at lower risk for perioperative cardiovascular events. Preoperative risk assessment is an important clinical problem, 28 and the utility of other modalities for assessing preoperative risk has been questioned. 18, 22 One potential approach would be to combine the results of endothelial function testing with other tests or clinical scoring systems of surgical risk.
Given the relatively small number of subjects, it is clear that further studies will be required before this methodology can be considered a clinical tool for preoperative risk assessment. Because we studied only a minority of patients undergoing vascular surgery during the period of recruitment, another limitation is the possibility of enrollment bias. However, this issue seems unlikely to be important, because the patient characteristics in the present study are quite similar to prior studies of this question. 18, 29 Although the present study suggests that brachial artery endothelial dysfunction predicts short-term risk in a high-risk group of patients, the long-term predictive value in lower-risk populations remains an open question. Endothelial dysfunction is an early occurrence in the atherogenic process 30 and might serve as a surrogate marker of cardiovascular disease with utility for risk assessment and evaluation of new therapies. Other modalities have been proposed for this purpose, including electron-beam CT scanning and assessment of carotid intimal thickness. 31 A potential advantage of testing flow-mediated dilation is the unique information gained about vascular function. In contrast, the other modalities largely provide information about the presence and severity of fixed anatomic disease, which may be less relevant to the pathogenesis of events.
In summary, this prospective study of consecutive patients undergoing nonemergent vascular surgery demonstrates that endothelial dysfunction is an independent predictor of postoperative cardiovascular events. In particular, the patients with relatively preserved endothelial function had a very low risk. These findings add to the growing evidence that endothelial dysfunction contributes to the pathogenesis of cardiovascular disease. In addition, the study demonstrates that noninvasive assessment of endothelial function in a peripheral artery provides prognostic information. Ongoing studies will provide further information about the clinical utility of studying brachial artery endothelial function. 
